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The Inert Doublet Model is an extension of the Standard Model inluding one extra Inert
salar doublet and an exat Z2 symmetry. The Inert salar provides a new andidate for
dark matter. We present a systemati analysis of the dark matter abundane assuming the
standard freeze-out mehanism and investigate the potentialities for diret and gamma indiret
detetion. We show that the dark matter andidate saturates the WMAP dark matter density
in two rather separate mass ranges, one between 40 and 80 GeV, the other one over 400 GeV.
We also show that the model should be within the range of future experiments, like GLAST
and EDELWEISS II or ZEPLIN.
1 Introdution
Many evidenes for the existene in the universe of dark matter has been put forward over the
years. It an be inferred from the dynamis of galaxies and of lusters of galaxies, from analysis
of the CMBR, from struture formation, et. The question that arises then is what is the nature
of dark matter and whih extension of the Standard Model do we have to onsider in order to
aount for these observations? A profusion of models of dark partiles have been proposed over
the years and it is muh hoped that present and forthoming experiments will throw some light
on the matter (for a review, see for instane
1
).
In these proeedings, we study a simple extension of the Standard Model with one extra
salar doublet and an exat Z2 symmetry. In this framework, the andidate for dark matter
is one of the two neutral salars arising from the extra doublet. The latter was alled Inert
doublet by Barbieri et al in
2
beause it has no diret oupling to matter elds. However it
ouples to the standard gauge elds. The phenomenology of its neutral and harged omponents
is quite simple and yet very rih.
This is not the only attrative feature of the model. As was pointed out in
2
, the Inert Doublet
Model (IDM) ould allow for a Higgs mass up to 500 GeV still fullling the LEP Eletroweak
Preision Test measurements. Here, we will only onsider a Higgs with a mass of 120 GeV. In the
referene paper
3
, one an nd a more detailed study of the IDM with Higgs masses of 120 GeV
and 200 GeV (See also
4
where the authors onsidered Higgs masses up to 500 GeV). Another
interesting aspet of models like the IDM is that it ould pave the way toward an understanding
of the relation between the abundane of dark and ordinary matter (see e.g.
5
).
2 Short desription of the Model
The IDM is a partiular two Higgs doublet model, in whih one of the doublet, H1, plays the
role of the standard Brout-Englert-Higgs doublet while the seond one, H2, is the soure for dark
matter andidates. In order to guarantee the stability of the dark matter partiles, one invoke a
Z2 symmetry under whih all Standard Model elds are even and
H1 → H1 and H2 → −H2.
This disrete symmetry also prevents the appearane of avor hanging neutral urrents in
this model. Moreover, we assume that Z2 is not spontaneously broken. This model was rst
introdued by Deshpande and Ma
6
(see also
7
), and the dark matter aspet was reently disussed
by Cirelli et al
8
and Barbieri et al
2
. Their initial purpose and some of their assumptions were
nevertheless not exatly idential. In addition, the neutral salar reahing the dark matter
WMAP abundane was found to be in the mass range of 60 to 75 GeV for Barbieri et al
2
while
for Cirelli et al
8
it was of order of 430 GeV. We rst study the details of the model before to
eluidate this apparent inompatibility.
The most general potential of the model an be written as
V = µ21|H1|
2+µ22|H2|
2+λ1|H1|
4+λ2|H2|
4+λ3|H1|
2|H2|
2+λ4|H
†
1
H2|
2+
λ5
2
[
(H†
1
H2)
2 + h.c.
]
(1)
The vauum expetation value of H1 is given by 〈H1〉 =
v√
2
with v =
√
−µ2
1
/λ1 = 248 GeV,
while assuming for simpliity µ22 > 0, we have 〈H2〉 = 0. The mass of the Higgs partile h
is M2h = −2µ
2
1 ≡ 2λ1v
2
while the mass of the harged, H+, and two neutral, H0 and A0,
omponents of the eld H2 are given by
M2H+ = µ
2
2 + λ3v
2/2
M2H0 = µ
2
2 + (λ3 + λ4 + λ5)v
2/2
M2A0 = µ
2
2 + (λ3 + λ4 − λ5)v
2/2. (2)
For appropriate quarti ouplings, H0 or A0 is the lightest omponent of the H2 doublet.
In the absene of any other lighter Z2-odd eld, either one is a andidate for dark matter. For
deniteness we hoose H0. All our onlusions are unhanged if the dark matter andidate is A0
instead. Following
2
, we parameterize the ontribution from symmetry breaking to the mass of
H0 by λL = (λ3 + λ4 + λ5)/2, whih is also the oupling onstant between the Higgs eld h and
our dark matter andidate H0.
3 Dark matter abundane
As in
2
and in
8
, we onsider a thermal prodution of the old reli H0. We have omputed the
reli abundane of H0 using mirOMEGAs2.0, a new and versatile pakage for the numerial
alulation of dark matter abundane from thermal freeze-out
9
.
We rst present the results for xed Inert salars mass dierenes in the ontour plots of
gure 1. We work in the (MH0 , µ2) plane, as a result the diagonal line orresponds to λL = 0,
i.e. to no oupling between H0 and the Higgs boson. Away from this line, λL inreases, with
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Figure 1: Reli density ontours in the (MH0 , µ2) plane for Mh = 120. Left: low mass regime with Inert salars
mass dierenes ∆MA0 = 10 GeV and ∆MH
+ = 50 GeV . Right: high mass regime with Inert salars mass
dierenes ∆MA0 = 5 GeV and ∆MH
+ = 10 GeV.
λL < 0 (resp. λL > 0) above (resp. below) the diagonal. Also, we write ∆MA0 = MA0 −MH0
and ∆MHc =MH+ −MH0 .
The shaded areas in the plots orrespond to regions that are exluded by several onstraints.
In order not to onit with LEP data, the mass of the H+ should be larger than 79.3 GeV and
MH0 +MA0 ∼
< MZ . These onstraints translate into the exluded region 1 on the plot on the
left of gure 1. The vauum stability onstraint ontributes largely to the exlusion of λL < 0
ouplings. This orresponds to shaded area in the domains µ2 > MH0 in the plots of gure 1.
The remaining shaded regions are exluded due to large ouplings |λi| > 4pi. Moreover regions
where the ouplings range as 1 < |λi| < 4pi, whih is still tolerable, are shown with horizontal
lines. The areas between two dark lines orrespond to regions of the parameter spae suh that
0.094 < ΩDMh
2 < 0.129, the range of dark matter energy densities onsistent with WMAP data.
We immediately see that there are two qualitatively distint regimes, depending on whether
the H0 is lighter than theW and Z and/or the Higgs boson. For the low mass regime, let us study
gure 1, the plot on the left. The two proesses relevant below theW , Z or h threshold are the H0
annihilation through the Higgs and H0 oannihilation with A0 through Z exhange
a
. Both give
fermion-antifermion pairs, the former predominantly into bb¯. Coannihilation into a Z may our
provided ∆MA0 is not too important, roughly ∆MA0 must be of order of Tfo ∼ MH0/25. As
the mass of H0 goes above W , Z or h threshold, H0 annihilation into WW , ZZ and hh beome
inreasingly eient, an eet whih strongly suppresses the H0 reli density. The region 4 of
gure 1 , orresponding to MH0 ∈ [40, 80] GeV, appears to be the only region onsistent with
WMAP data.
For the high mass regime, we an derive the general trends from gure 1, the plot on the right.
No new annihilation hannel opens if MH0 is heavier than the Higgs or the gauge bosons. There
are then essentially two kinds of proesses whih ontrol both the abundane: the annihilation
into two gauge bosons, dominant if µ2 < MH0 , and the annihilation into two Higgs, whih
dominates if µ2 > MH0 . Coannihilation plays little role.
The abundane of dark matter is suppressed over most of the area of the plot beause of
large quarti oupling eets on the ross-setions. Let us emphasize that in this regime, it is
aH0H
+
oannihilation is suppressed for our hoie of ∆MHc.
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Figure 2: Left: Reli density and Right: sattering ross-setion intervening in diret detetion searhes, all as
a funtion of the mass of dark matter and omparison with the MSSM. For the diret detetion plot, the light
olors orrespond to 0.01 < ΩDMh
2 < 0.3, while the dark olors orrespond to 0.094 < ΩDMh
2 < 0.129.
possible to reah agreement with WMAP data, but only at the prie of some ne tuning. We
need to keep the mass splittings between the omponents of H2 relatively small. First beause
large mass splittings orrespond to large ouplings and seond beause the dierent ontributions
to the annihilation ross-setion must be suppressed at the same loation, around λL = 0 (i.e.
MH0 ≃ µ ≃ MA0 ≃ MH+ in this ase). As it an be seen in gure 1, the plot on the right,
the area onsistent with WMAP orresponds to the narrow region around the diagonal with
MH0 ∼
> 800 GeV for ∆MA0 = 5 GeV and ∆MHc = 10 GeV. Notie that this behavior is limited
by the unitarity bound on the total annihilation ross-setion
10
whih onstrains the mass of
the dark partile to be MH0 ∼
< 120 TeV.
In gure 2, the plot on the left, we show a satter plot of ΩDMh
2
as a funtion of the mass
of the dark matter andidate MDM for a fair sample of IDMs (sanning on several Inert salar
mass splittings) and, for the sake of omparison, for the MSSM. We learly see the two regimes
(low mass and high mass) of the IDM that may give rise to a relevant reli density (i.e near
WMAP). The MSSM models have a more ontinuous behavior, with O(100 GeV) dark matter
masses. As a onlusion, the IDM provides dark matter andidates with masses as small as 40
GeV and as large as 600 GeV in ontrast with the MSSM more onentrated around ∼ 100 GeV.
4 Diret detetion
Diret detetion searhes look for signals of dark matter in low bakground detetors trying to
measure the energy deposited by the sattering of a dark matter partile with a nuleus of the
detetor. Assuming that the main interation ontributing to the H0-quarks interation is the
spin independent H0q
h
−→ H0q interation
b
it an be shown
2
that the H0 elasti sattering ross
setion o a proton sales like
σH0−p ∝ λL
2/(MH0M
2
h)
2. (3)
In gure 2, the plot on the right, we show a satter plot of log10 σDM−p as a funtion ofMDM
b
The experiments have reahed suh a level of sensitivity that the Z exhange ontribution H0q
Z
−→ A0q is
exluded by the urrent experimental limits
2
. Consequently, to forbid Z exhange by kinematis, the mass of the
A0 partile must be larger than the mass of H0 by a few 100 keV.
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Figure 3: Integrated gamma-ray ux from the Galati Center (GC) resulting from dark matter annihilation as
a funtion of the mass of the dark matter andidate for the same sample of models than for diret detetion
in Fig.2. Again, the light olors orrespond to 0.01 < ΩDMh
2 < 0.3, while the dark olors orrespond to
0.094 < ΩDMh
2 < 0.129. For the plot on the left, we the took an isothermal prole (at prole), for the plot on
the right, we took a NFW prole (more steeper at Galati Center).
for the IDMs onsidered in the abundane plot of gure 2 that aount for 0.01 < ΩDMh
2 < 0.3.
We see that the low mass regime andidates ould be deteted by future experiments suh as
EDELWEISS II or by the ton sized experiments suh as ZEPLIN. For the higher mass regime
however, there is no hope for future detetion in low bakground detetor. Indeed, the WMAP
requirement for dark matter reli density onstrains the λL ouplings to be vanishing while the
same ouplings drive the amplitude of the matter-H0 sattering ross-setion.
5 Indiret detetion
The measurement of seondary partiles oming from dark matter annihilation in the halo of the
Galaxy is another promising way of deiphering the nature of dark matter. Let us emphasize that
this possibility depends however not only on the properties of the dark matter partile, through
its annihilation ross-setions, but also on the astrophysial assumptions made onerning the
distribution of dark matter in the halo that supposedly surrounds our Galaxy.
In Figure 3, we show the log of the produed gamma-ray ux from dark matter annihilation
at the Galati Center Φγ as a funtion of MDM for the same sample of models than for diret
detetion. We omputed the gamma-ray ux for the plot on the left assuming an isothermal dark
matter density prole while for the plot on the right we assumed a Navarro, Frank and White
(NFW) prole. The main dierene between these two proles is the slope of the dark matter
density as a funtion of the galati radius in the entral part of the Galaxy. The isothermal
prole is at while the NFW prole is more uspy (i.e. steeper). We see that for steeper prole
the gamma-ray ux is larger.
The partile physis dependene of Φγ also learly show up in gure 3. Indeed we see that
Φγ behaves dierently in the low and the high mass regime of the IDM given that the proesses
ontributing to the annihilation ross-setion are dierent. Moreover, notie that the IDM dark
matter andidates have typially higher detetion rates than the neutralino in SUSY models,
espeially at high mass. Let us stress that the gures for indiret detetion were obtained taking
into aount annihilation proesses at three level only (see
4
, for a reent study of the IDM
inluding proesses at one-loop). It an be inferred from gure 3 that the IDM an give the
right reli abundane in a range of parameters whih will be probed by GLAST for NFW dark
matter proles. GLAST will however have no hane to observe the gamma-ray ux produed
by annihilating H0 at the Galati Center for atter proles suh as the isothermal one.
6 Conlusion
We arried out a rather detailed analysis of the IDM as a dark matter model assuming the
standard freeze-out mehanism. We reovered the results of Barbieri et al. and Cirelli et al.
whih a priori did not seem to math. This is beause the IDM provides dark matter andidates
in two rather separate mass ranges, one between 40 and 80 GeV, the other one over 400 GeV.
The physis driving the existene of dark matter in these regions of the parameter spae is quite
dierent.
We have also investigated the prospets for diret and indiret detetion searhes. Conerning
diret detetion searhes, the low mass regime andidates should be deteted with the futures
ton sized experiments while the high mass regime will stay out of reah. For indiret detetion
searhes we looked at the gamma-ray ux generated at the Galati Center by dark matter
annihilation. Whatever the dark matter density prole assumed, we have ome to the onlusion
that the Inert salars have typially higher detetion rates than the neutralino in SUSY models,
espeially at high mass. Moreover, the IDM ould be probed by the future GLAST experiment.
Aknowledgments
This work is supported by the FNRS, the I.I.S.N. and the Belgian Federal Siene Poliy (IAP
5/27).
Referenes
1. Gianfrano Bertone, Dan Hooper, and Joseph Silk. Partile dark matter: Evidene,
andidates and onstraints. Phys. Rept., 405:279390, 2005.
2. Riardo Barbieri, Lawrene J. Hall, and Vyaheslav S. Ryhkov. Improved naturalness
with a heavy higgs: An alternative road to lh physis. Phys. Rev., D74:015007, 2006.
3. Laura Lopez Honorez, Emmanuel Nezri, Josep L. Oliver, and Mihel H. G. Tytgat. The
inert doublet model: An arhetype for dark matter. JCAP, 0702:028, 2007.
4. Mihael Gustafsson, Erik Lundstrom, Lars Bergstrom, and Joakim Edsjo. Signiant
gamma lines from inert higgs dark matter. 2007.
5. Pei-Hong Gu, Hong-Jian He, and Utpal Sarkar. Dira neutrinos, dark energy and baryon
asymmetry. 2007.
6. Nilendra G. Deshpande and Ernest Ma. Pattern of symmetry breaking with two higgs
doublets. Phys. Rev. D, 18(7):25742576, Ot 1978.
7. Ernest Ma. Veriable radiative seesaw mehanism of neutrino mass and dark matter.
Phys. Rev., D73:077301, 2006.
8. Maro Cirelli, Niolao Fornengo, and Alessandro Strumia. Minimal dark matter. Nul.
Phys., B753:178194, 2006.
9. G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov. miromegas2.0: A program to
alulate the reli density of dark matter in a generi model. 2006.
10. Kim Griest and Mar Kamionkowski. Unitarity limits on the mass and radius of dark
matter partiles. Phys. Rev. Lett., 64:615, 1990.
